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ABSTRACT

Influenza virus hemagglutinin (HA) protein consists of two components, i.e., a globular head region and a stem region that are
folded within six disulfide bonds, plus several N-linked glycans that produce a homotrimeric complex structure. While N-linked
glycosylation sites on the globular head are variable among different strains and different subtypes, N-linked glycosylation sites
in the stem region are mostly well conserved among various influenza virus strains. Targeting highly conserved HA stem regions
has been proposed as a useful strategy for designing universal influenza vaccines. Since the HA stem region is constituted by an
HA1 N-terminal part and a full HA2 part, we expressed a series of recombinant HA mutant proteins with deleted N-linked glyco-
sylation sites in the HA1 stem and HA2 stem regions of H5N1 and pH1N1 viruses. Unmasking N-glycans in the HA2 stem region
(H5 N484A and H1 N503A) was found to elicit more potent neutralizing antibody titers against homologous, heterologous, and
heterosubtypic viruses. Unmasking the HA2 stem N-glycans of HSHA but not HI1HA resulted in more CR6261-like and FI6v3-
like antibodies and also correlated with the increase of cell fusion inhibition activity in antisera. Only H5 N484A HA2 stem mu-
tant protein immunization increased the numbers of antibody-secreting cells, germinal center B cells, and memory B cells tar-
geting the stem helix A epitopes in splenocytes. Unmasking the HA2 stem N-glycans of HSHA mutant proteins showed a
significantly improvement in the protection against homologous virus challenges but did so to a less degree for the protection
against heterosubtypic pH1N1 virus challenges. These results may provide useful information for designing more effective influ-
enza vaccines.

IMPORTANCE

N-linked glycosylation sites in the stem regions of influenza virus hemagglutinin (HA) proteins are mostly well conserved among
various influenza virus strains. Targeting highly conserved HA stem regions has been proposed as a useful strategy for designing
universal influenza vaccines. Our studies indicate that unmasking the HA2 stem N-glycans of recombinant HA proteins from
H5N1 and pH1N1 viruses induced more potent neutralizing antibody titers against homologous and heterosubtypic viruses.
However, only immunization with the H5N1 HA2 stem mutant protein can refocus B antibody responses to the helix A
epitope for inducing more CR6261-like/FI6v3-like and fusion inhibition antibodies in antisera, resulting in a significant
improvement for the protection against lethal H5N1 virus challenges. These results may provide useful information for
designing more effective influenza vaccines.

,VI embers of the Orthomyxoviridae family, influenza A viruses
are enveloped RNA viruses containing 8 negative-stranded
RNA segments encoding 11 viral proteins, including the major
surface proteins hemagglutinin (HA) and neuraminidase (NA)
(1). Influenza A virus subtypes have been classified from H1 to
H18 and N1 to N11 according to the antigenic properties of HA
and NA (2). Beside the bat-associated H17 and H18, the subtypes
(H1 to H16) can be divided into two groups, with H1, H2, H5, Heé,
H8,H9,H11,H12,H13,and H16 in group 1 and H3, H4, H7, H10,
H14, and H15 in group 2 (3). Avian influenza viruses such as
H5N1 and H7N9 have triggered epidemics resulting in significant
human mortality rates (4). The continuing evolution of H5N1 and
H7N9 avian influenza viruses has raised concerns about the po-
tential for new human pandemics (5); accordingly, there is con-
siderable research interest in developing more broadly protective
vaccines against both seasonal and avian influenza viruses.

The HA protein, a major envelope glycoprotein, accounts for
approximately 80% of all spikes in influenza virus virions. It is
often used as antigen content for characterizing influenza vac-
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cines. The HA protein consists of two components, i.e., a globular
head region and a stem region that are folded within six disulfide
bonds, plus several N-glycans that produce a homotrimeric com-
plex structure (6). The acquisition of additional N-glycan modi-
fications in the globular head has evolved as a strategy for seasonal
HINI and H3N2 viruses to avoid human immune responses (7,
8). However, while N-linked glycosylation sites on the globular
head are variable among different strains and different subtypes
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(9), N-linked glycosylation sites in the stem region are mostly well
conserved among various influenza virus strains (10). To date,
several reports indicate that N-glycans in the HA1 stem regions of
H7N1 and H5N1 viruses can affect the structural stability of less
efficient HA cleavage, virus fusion, and virus replication (11, 12).
It remains unclear whether N-glycans in the HA stem region affect
anti-influenza virus immune responses, especially in terms of elic-
iting broadly neutralizing antibodies (bNAbs) and increasing pro-
tective immunity.

Targeting the highly conserved stem region has recently been
proposed as a useful strategy for designing universal influenza
vaccines (5, 13, 14). One approach uses the sequential immuniza-
tion of chimeric HA DNA or protein containing a different het-
erotypic globular head but the same stem region for boosting
stem-specific antibodies after repeated immunizations (15, 16).
Another approach uses stem antigens that lack the globular head
as soluble trimeric proteins (17), or perhaps incorporating them
into ferritin nanoparticles for immunization purposes to elicit
stem-specific antibodies (18). The third approach uses the glycan
shielding on the variable regions in the HA globular head to redi-
rect the immune responses to the more conserved HA stem region
(19-21). Several reports also indicate that the HA stem-based in-
fluenza vaccines provide cross-subtype protection against diverse
group 1 strains but not against diverse group 2 strains (15-18). In
contrast, an H3 (group 2) stem-based HA vaccine is capable of
inducing broadly neutralizing antistem antibodies and conferring
broad protection against group 2 viruses in mice but not against
diverse group 1 strains (22). To date, several bNAbs targeting HA
stem epitopes have been obtained from human B cells, including
CR6261 (23),F10 (24) (against most group 1 subtypes), and F16v3
(25) (against group 1 and group 2 subtypes). The HA2 stem con-
sists of five helical segments (A, C, D, G, and H), one B loop, and
two strands (E and F) (26). All three stem-specific bNAbs are
capable of binding to the helix A epitope in the F subdomain of
the stem region (25). Some stem-specific bNAbs bind to HA via
the V; domain that originates from the human IGHV1-69 germ
line gene with only a small number of somatic mutations (27).
Allelic polymorphism (i.e., the rearrangement of VD] gene seg-
ments) and somatic mutations are required for V;1-69 genera-
tion (28). Further, HA is capable of activating B cell receptors
encoded with the germ line Vi, sequence (IgM form), but only 2
mutations in the complementarity-determining region H1 and
5 mutations in the framework region 3 are required for the affinity
maturation of precursor IgG, as well as for fully mature bNAb
activity (29). However, it remains unclear how the stem helix A
epitope contributes to bNADb development.

For this study, we expressed recombinant HA (rHA) proteins
of H5N1 and pHINT1 viruses by deleting N-linked glycosylation
sites located in the globular head, HA1 stem, or HA2 stem region.
These stem glycan mutant rHA proteins were characterized using
endoglycosidase and reacted with the globular head-specific and
stem-specific (CR6261 and FI6v3) monoclonal antibodies
(MAbs) for binding. These glycan mutant rHA proteins were used
for mouse immunizations, and antisera were collected and ana-
lyzed for the elicitation of virus-neutralizing against homologous,
heterologous, and heterosubtypic influenza viruses. The HA2
stem mutant proteins (H5 N484A and H1 N503A) were further
characterized for the elicited immune responses of the cell fusion
inhibition in antisera, the quantities of stem-specific CR6261-like
or FI6v3-like antibodies, the numbers of stem helix A epitope-
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specific B cell subsets in splenocytes, and protection against ho-
mologous and heterosubtypic lethal virus challenges.

MATERIALS AND METHODS

Recombinant H5HA and H1HA protein construction, expression, and
purification. Soluble HSHA (A/Thailand/KAN-1/2004) and pH1HA (A/
Texas/05/2009) proteins were constructed using HA cDNA sequences and
a Bac-to-Bac expression system as described in our previous studies (20,
30). Potential N-linked glycans were predicted using a NetNGlyc server.
The N-X-S/T glycan motif was abrogated using site-directed mutagenesis.
The HA stem mutant HSHA and pH1HA proteins were established by
replacing asparagine (N) with alanine (A) at residues 10, 11, and 23 of
H5HA (N''N'ST"® replaced by A'°A''ST"® and N**VT?® replaced by
A®VT? and named N10A/N11A/N23A), replacing residue 484 of HSHA
(N*54GT* replaced by A***GT**® and named N484A), replacing resi-
dues 32, 33, and 45 of pHIHA (N?2N33873° replaced by A32A3ST?® and
N*VT* replaced by A**VT*” and named N32A/N33A/N45A), and re-
placing residue 503 of pHIHA (N°*GT>°* replaced by A’**GT**> and
named N503A). The above-described sequences were individually cloned
into pFastBac expression vectors (Invitrogen). Next, wild-type (WT) and
HA stem mutant proteins were produced using the Invitrogen Bac-to-Bac
insect cell expression system according to the manufacturer’s instruc-
tions. Briefly, Sf9 cells were infected with recombinant baculoviruses ex-
pressing the HA ectodomains of H5N1 and pHIN1 for 48 h prior to
collecting supernatants for additional HSHA or pH1HA protein purifica-
tion using nickel-chelated resin affinity chromatography (Tosoh). Wild-
type and stem glycan mutant glycoprotein purities were confirmed by
Coomassie blue staining. To characterize HA glycosylation patterns, wild-
type and stem glycan mutant HA glycoproteins were treated with peptide-
N-glycosidase F (PNGase F) (New England BioLabs) for 1.5 hat 37°C. HA
glycosylation patterns were determined by Western blotting using anti-
His horseradish peroxidase (HRP)-conjugated antibodies (Affymetrix).
Mouse immunization. Female 6- to 8-week-old BALB/c mice (5 per
group) purchased from the Taiwan National Laboratory Animal Center
were immunized intramuscularly (i.m.) twice with 20 pg of either WT or
stem glycan mutant proteins of H5N1-rHA or pHIN1-rHA plus 10 pg
CpG and 10% PELC emulsion over a 3-week interval (19, 20). Serum
samples were collected at week 5, and the sera were inactivated at 56°C for
30 min to destroy complement prior to performing neutralization assays
(both H5N1 pseudotyped particle [H5pp] assay and plaque reduction
neutralization test [PRNT]); splenocytes were harvested and isolated at
week 7. All animal studies were conducted in accordance with guidelines
established by the Laboratory Animal Center of National Tsing Hua Uni-
versity (NTHU). Animal use protocols were reviewed and approved by
the NTHU Institutional Animal Care and Use Committee (IACUC) (ap-
proval no. 10002). Mice that survived the immunization experiments
were sacrificed using carbon dioxide (CO,) to ameliorate suffering.
Viral challenges. BALB/c mice were immunized with H5 WT, H5
N484A, H1 WT, or H1 N503A proteins plus CpG/PELC or phosphate-
buffered saline (PBS). Three weeks following the second inoculations, all
mice were intranasally (i.n.) challenged with 10 50% murine lethal doses
(MLDs,) of the H5N1 (NIBRG-14 and RG-14) or pHIN1 (A/California/
07/2009 and CA/09) viruses. PBS-immunized mice were used as a mock
control. Survival rates and body weights were monitored daily for 14 days.
All mouse virus challenge procedures were reviewed and approved by the
TACUC of Academia Sinica, Taiwan. According to IACUC guidelines,
weight loss of 25% or more was established as an endpoint.
Enzyme-linked immunosorbent assay (ELISA). Individual wells in
96-well plates were coated with purified HSHA or pH1HA proteins (100
wl at 2 pg/ml), H5N1 (RG-14) inactivated virus (100 pl at 2 pg/ml), or
pHIN1 (A/California/04/2009) virus (100 wl at 50 pg/ml), held overnight
at 4°C, washed 3 times with 0.05% Tween 20 in PBS (PBST), and blocked
with blocking buffer (1% bovine serum albumin [BSA] in PBS) for 1 h.
Next, 100 pl of 2-fold serially diluted serum samples was added and held
at room temperature (RT) for 1 h, followed by 3 additional washes with
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FIG 1 Structural diagrams and unmasked-glycan rHA mutant glycoprotein designs. (A and B) Amino acid sequences for the rH5HA [A/Thailand/1(KAN1)/
2004; GenBank accession number AFF60787] (A) and rHIHA (A/Texas/05/2009; GenBank accession number ACP41934) (B) ectodomains plus predicted
N-glycan modification sites for both proteins. (C and D) Three-dimensional structural models for HSHA (C) and HIHA (D) (PyMol modeling software; PDB
IDs 2IBX for HSHA and 3LZG for HIHA). Gray color, HA trimeric structure. Stem regions are highlighted in blue according to one of three identical monomers.
Light blue, helix A motifs; orange, globular head; red, predicted N-linked glycan sites.

PBST. HRP-conjugated goat anti-mouse IgG antibodies (GeneTex Inc.)
were added to each well, incubated for 1 h, and washed 3 times with PBST.
Anti-HA IgG titers were determined by adding tetramethylbenzidine
(TMB) substrate (BioLegend), holding for 15 min at RT, and stopping
reactions with 2 N H,SO,. Endpoint titers were determined as the recip-
rocals of the most diluted sera concentrations giving a mean optical den-
sity (OD) above 0.2 at 450 nm.

Lentivirus H5pp assay. To neutralize antibodies against the H5N1
virus, neutralization titers were quantified as reduced luciferase expres-
sion levels using the lentivirus H5N1 pseudotyped particle (H5pp) assay
as previously described (19, 20). Fifty microliters of H5pp at 100 50%
tissue culture infective doses (TCIDs,,) was incubated with 50 pl of serially
diluted antisera (1:10 starting dilution) for 1 h at 37°C, followed by the
addition of 1.5 X 10* MDCK cells per well. At 48 h postinfection, cells
were lysed with Glo lysis buffer (Promega). Luciferase activity was
measured by the addition of Neolite luciferase substrate (PerkinElmer).
Fifty percent inhibitory concentrations (IC5,s) were determined as the
amounts of diluted sera required to obtain a 50% reduction in neutraliz-
ing activity compared to control wells containing the virus only.

Plaque neutralization assay. MDCK cells (8 X 10°/well) were grown
in 6-well plates, and on the following day cells were washed with PBS prior
to the addition of 1 ml of 10-fold-diluted viruses containing 1.0 pg/ml
tosylsulfonyl phenylalanyl chloromethyl ketone (TPCK)-trypsin (Sigma-
Aldrich) and incubated at 37°C for 1 h. After another washing with PBS,
MDCK cells were overlaid with minimal essential medium alpha
(MEM-a) containing 0.5% agarose (Lonza) and held for 48 h, after which
cells were fixed with 4% paraformaldehyde (PFA) and stained with 1%
crystal violet prior to plaque counting per well. For PRNT assays, MDCK
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cells were prepared as described above. The following day, 2-fold serially
diluted immunized sera were mixed with equal volumes of 100 PFU/ml of
pHIN1 (A/California/04/2009) or H3N2 (A/Udorn/307/1972) virus in
MEM-a containing 1.0 pug/ml trypsin-TPCK and held for 1 h at 37°C
prior to performing plaque assay. Plaque counts and IC,, values were
calculated using PRISM v5.03 software.

Protein absorption and antibody competition assays. Two mutant
HA proteins (H5 A stem protein and H1 A stem protein) were con-
structed by the introduction of N-glycans at the stem regions as previously
reported (31). Protein absorption assays were performed using H5 A stem
protein or H1 A stem protein to abrogate stem-binding antibodies (20,
31). Mouse serum was absorbed with 40 pg/ml of H5 A stem protein- or
H1 A stem protein-coupled Ni-nitrilotriacetic acid (NTA) beads and in-
cubated overnight at 4°C. Absorbed sera were used with ELISA plates
coated with H5HA or pH1HA proteins to measure IgG titers as previously
described. For the CR6261 and FI6v3 MAb competition assays, ELISA
plates precoated with HSHA or pHI1HA were cocultured with mixtures of
2-fold-diluted MAb CR6261 or FI6v3 (starting from 10 pg/ml) and A
stem preabsorbed antisera for 1 h. ELISAs were used to measure IgG titers.

Quantitative cell-cell fusion assay. Fusion inhibition activity against
pHINT1 and H5N1 viruses were determined by luciferase-based cell-cell
fusion assays as previously described (32, 33). In brief, effector cells (2 X
10* 293T cells in 96-well plates) and target cells (9 X 10° 293T cells in
6-well plates) were incubated overnight, followed by the transfection
of pcDNA3.1-H5HA (KAN-1) or pcDNA3.1-pHIHA (RG-121) and
pCAGT7pol plasmids into effector cells using TurboFect reagent
(Thermo). Trypsin-TPCK (1.0 pg/ml) was added into pcDNA3.1-
pHIHA (RG-121)-transfected 293T effector cells for facilitating HAO
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FIG 2 Glycan-unmasked rHA mutant glycoprotein characterization. (A and B) SDS-polyacrylamide gels with Coomassie blue staining for the expressed WT and
glycan-unmasked (HA1 stem and HA2 stem) H5HA (A) and pH1HA (B) WT and mutant proteins. (C and D) Western blotting for the expressed WT and HA2
stem mutant proteins of HSHA (C) and pH1HA (D) without and with PNGase F treatments in SDS-polyacrylamide gels. (E to J) ELISA binding assays were used
to characterize the WT and mutant protein bindings with CR6261 (E and G), FI6v3 (F and H), 9E8 (I), or 10D10 (J) MAbs. (K) Western blotting for the HSHA
WT and triple mutant reacted with CR6261 and FI6v3 in native polyacrylamide gels.

cleavage. Both phRL-TK (Promega) and pT7ZEMCVLuc plasmids were
cotransfected into target cells. The pT7EMCVLuc plasmid contains a fire-
fly luciferase coding sequence under the control of the Escherichia coli T7
promoter, and the phRL-TK plasmid has a sea pansy Renilla luciferase
coding sequence under the control of the thymidine kinase (TK) pro-
moter. Renilla luciferase expression was used as an internal control for
transfection efficiency. After 48 h of transfection, target cells were de-
tached from wells and added to effector cells. Next, diluted serum ob-
tained from WT or HA2 stem mutant immunization in MEM-a contain-
ing 1.0 pwg/ml trypsin-TPCK was mixed with target and effector cells for
1 h at 37°C. Cocultures were washed and incubated with low-pH fusion
buffer (PBS, pH 4.9) for 5 min at 37°C. Cells were returned to the standard
growth medium for 7 h of incubation. Firefly and Renilla luciferase activ-
ities were determined using a dual-luciferase reporter assay system (Pro-
mega) and measured in terms of relative luminescence units (RLU) using
a Victor 2 plate reader (PerkinElmer). The Renilla luciferase activity of the
negative control (pT7EMCluc/pRL-TK-transfected 293T cells alone) was
defined as 1. RLU were calculated as normalized firefly luciferase value/
normalized Renilla luciferase value.
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HA-specific-antibody-secreting B cells (ASCs). Splenocytes were col-
lected from each group of HA2 stem mutant rHA-immunized or PBS-
immunized mice at 4 weeks following their second inoculations. Multi-
screen 96-well filtration plates (Millipore) were coated with HSHA or
pHIHA proteins (1 pg/well) and incubated overnight at 4°C. Plates were
washed and blocked with RPMI containing 10% fetal bovine serum (FBS)
for 1 h at 37°C. Splenocytes (1 X 10°) were added to individual plates,
stimulated with H5 or H1 helix A or nonrelated stems, 55, peptides, and
incubated for 48 h at 37°C. After 3 washes with PBST, HRP-conjugated
anti-mouse IgG antibodies were added to each well and held for 2 h at RT.
After 3 PBST and 2 PBS washes, 3-amino-9-ethylcarbazole (AEC) sub-
strate (Sigma-Aldrich) was added to each plate and held at RT for 30 to 60
min prior to the reactions being stopped with double-distilled water
(ddH,0). Immunospots for each immunized group were determined us-
ing an enzyme-linked immunosorbent spot (ELISPOT) plate reader
(CTL, Inc.).

GC and memory B cell analyses using flow cytometry. Flow cytom-
etry analyses (BD Accuri C6) were performed to determine the prolifera-
tion of germinal center (GC) B cells and memory B cells as previously
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FIG 3 Total IgG titers elicited by HA2 stem mutant proteins of rH5HAs and rH1HAs. Serum samples were collected from mice immunized with PBS or WT or
HA2 stem mutant proteins and measured for HA-specific total IgG titers using ELISA. Shown are data for total IgG titers against rtH5HA or rHIHA proteins (A)
or H5N1 (RG-14) inactivated viruses or pHIN1 viruses (B) (0.2 endpoint). Data are expressed as means * standard deviations (SD). N.D., nondetectable.

described (34). In brief, 1 X 10° splenocytes per well were stimulated by 20
pg/ml of helix A (H5 or H1) or nonrelated stems, 5_s, peptides for 48 h.
Cells were harvested and fixed with 1% formaldehyde for 30 min at 4°C.
Stimulated splenocytes were suspended in staining buffer (2% FBS and
0.01% NaNj dissolved in PBS), simultaneously stained with anti-IgG1—
fluorescein isothiocyanate (FITC) (BioLegend) and anti-CD38—phyco-

erythrin (PE) (e-Bioscience) antibodies, and held for another 30 min at
4°C. The IgG1" CD38 ™ cells (GC B cells) and IgG1 " CD38™ cells (mem-
ory B cells) were gated and analyzed using Accuri C6 software.
Statistical analyses. Most of the results were analyzed using one-way
analysis of variance (ANOVA) or two-tailed Student ¢ tests (GraphPad
Prism v5.03). The survival curves were compared by using the Mantel-
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FIG 5 Virus neutralization curves from immunizations with rH5HAs and rH1HAs HA1 globular head mutants against homologous and heterosubtypic viruses.
Serum samples obtained from H5 WT-, H5 N154A-, H5 N165A-, H5 N286A-, H1 WT-, H1 N109A-, H1 N298A-, H1 N309A-, or PBS-immunized groups were
2-fold serially diluted. Neutralizing strengths against H5pp of clade 1 (KAN-1) (A and F) and clade 2.1.3.2 H5pp (Indonesia) (B) strains were determined using
H5pp luciferase activity assays. Neutralizing strengths against pH1N1 (A/California/04/2009) (C and E) and H3N2 (A/Udorn/307/1972) (D and G) viruses were
determined using PRNT assays. Statistical analysis was performed using one-way ANOVA.

Cox log rank test followed by pairwise comparison with the Gehan-
Breslow-Wilcoxon test. Statistical significance in all figures is expressed as
follows: ¥, P < 0.05; **, P < 0.01;and ***, P < 0.001. All experiments were
performed at least two times each.

RESULTS

Stem glycan mutant rHA protein expression and characteriza-
tion. The influenza virus HA stem region, which has a trimeric
structure consisting of an HA1 N-terminal part and full HA2 part,
contains several potential sites for the addition of N-glycans.
Based on the HA sequences of H5N1 [A/Thailand/1(KAN-1)/
2004; GenBank accession number AFF60787] and pHINI [A/
Texas/05/2009; GenBank accession number ACP41934] and their
predicted three-dimensional (3D) structures as previously de-
scribed by others (11, 12), we found four potential HSHA N-gly-
cosylation sites, with three located in the HA1 stem region (posi-
tions N10, N11,and N23) and one in the HA2 stem region (N484)
(Fig. 1A). We also located four potential pH1HA N-glycosylation
sites, three in the HA1 stem region (positions N32, N33, and N45)
and one in the HA2 stem region (N503) (Fig. 1B). To unmask
site-specific N-glycans in the HA stem region, both HA1 stem and
HA2 stem mutants of H5 and H1 proteins were expressed by re-
placing asparagine (N) with alanine (A) at the N-linked glycosy-
lation sites, with an N-X-S/T motif noted in the HA1 (H5 N10A/
N11A/N23A and H1 N32A/N33A/N45A) and HA2 (H5 N484A
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and H1 N503A) stem domains (Fig. 1C and D). Six wild-type
(WT) and stem glycan mutant rHA proteins (H5 WT, H5 N10A/
N11A/N23A, H5N484A, H1 WT, HI N32A/N33A/N45A, and H1
N503A) were obtained from Sf9 insect cells infected with recom-
binant baculoviruses, harvested from culture supernatants, puri-
fied using Ni chelation affinity chromatography, and analyzed us-
ing SDS-PAGE with Coomassie blue staining (Fig. 2A and B). H5
N484A and H1 N503A both exhibited reduced molecular weights
in SDS-PAGE gels compared to the H5 and H1 WT proteins, thus
confirming the removal of the HA2 stem N-glycans via the disrup-
tion of specific N-linked glycosylation sites (Fig. 2C and D). Fol-
lowing PNGase F treatment, these WT and mutant proteins
shifted to the same molecular weights as with the removal of over-
all N-glycans of HA molecules (Fig. 2C and D). Two HA stem-
specific bNAbs, CR6261 (group 1) and FI6v3 (groups 1 and 2),
were used for reactions with purified WT and stem glycan mutant
rHAs, as shown in the ELISA binding curves presented as Fig. 2E
to H. HA2 stem mutant protein bindings (H5 N484A and H1
N503A) were similar to those for H5 and H1 WT proteins. In
comparison, HA1 stem mutant protein bindings (H5 N10A/
N11A/N23A and H1 N32A/N33A/N45A) were significantly re-
duced (Fig. 2E to H). We also used two H5HA globular head-
specific MAbs (9E8 and 10D10) reported previously (20) to
confirm whether these mutant rHA proteins were correctly
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folded. Our results showed that the binding curves of both HA1
stem and HA2 stem mutants were similar to those of the HSWT
proteins (Fig. 2I and J). The loss of binding of the triple mutant
(H5 N10A/N11A/N23A) to FI6V3 and CR6261 bNAbs was con-
firmed in native polyacrylamide gels (Fig. 2K). Taken together,
these results indicate that only the two HA2 stem mutant proteins
(H5 N484A and H1 N503A), with stem N-glycans removed by
site-directed mutagenesis, retained their binding capabilities with
the stem-specific bNAbs CR6261 and FI6v3.

HA-specific IgG and virus-neutralizing antibodies elicited
by HA2 stem mutant protein immunization. To further charac-
terize HA immunogenicity affected by the loss of stem N-glycans,
groups of 6- to 8-week-old female BALB/c mice were i.m. immu-
nized with two doses of 20 g WT or HA2 stem mutant proteins
(H5 WT, H5 N484A, H1 WT, or H1 N503A) formulated with
PELC/CpG adjuvant over a 3-week interval. Antisera were col-
lected at 2 weeks following the second immunizations. Our results
show that the HA2 stem mutant proteins (H5 N484A and H1
N503A) elicited HA-specific IgG titers similar to those for the WT
proteins, as measured by ELISAs using rH5HA and rHIHA
proteins (Fig. 3A) or H5N1 RG14 (inactivated) and pHIN1
(A/California/04/2009) viruses (Fig. 3B). Serum neutralization
curves and their corresponding 50% inhibition concentrations
(ICs48) were obtained using H5N1 pseudotyped particle (H5pp)
and plaque reduction assays for the pHIN1 and H3N2 viruses.
The results\ indicate dose dependency for the serum neutraliza-
tion curves against the H5N1 (KAN-1, Indonesia), pHIN1 (A/
California/04/2009), and H3N2 (A/Udorn/307/1972) viruses
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(Fig. 4). The neutralization curves for immunizations with the
HA?2 stem mutant proteins (H5 N484A and H1 N503A) were
more effective than those elicited by immunizations with the WT
(nonmutant) proteins (H5 WT and H1 WT), showing statistical
significance for the H5 N484A antiserum against H3N2 virus (Fig.
4D) and the H1 N503A antisera against pHIN1 viruses (Fig. 4E)
and H3N2 viruses (Fig. 4H). No dose-dependent neutralization
activities were shown for the antisera obtained from the PBS-im-
munized groups. Additionally, we also obtained the H5 and H1
mutant proteins by the removal of three potential N-linked glyco-
sylation sites located in the globular head regions (H5HA residues
154,165, and 286 and pH1N 1 residues 109, 298, and 309), whereas
only the N-glycan removal of H5HA residue 286 was recently
reported (12). Antisera obtained from immunizations using the
globular head mutant proteins H5 N154A, H5 N165A, H5 N286A,
H1NI109A, H1 N298A, and H1 N309A were also measured against
the H5N1, pHIN1, and H3N2 viruses. No significant improve-
ments in their neutralization curves were observed for these glob-
ular head mutant proteins compared to those for the WT proteins
(Fig. 5). The corresponding IC5, values calculated from these neu-
tralization curves are summarized in Fig. 6. The ICs, values of the
H5 N484A groups were higher than those of the H5 WT groups
against the homologous H5N1 virus (KAN-1, clade 1), the heter-
ologous H5N1 virus (Indonesia, clade 2.1.3.2), and the heterosub-
typic H3N2 virus (Fig. 6A). The IC;, values of the globular head
N-glycan mutants (H5 N154A, H5 N165A, and N286A) were ei-
ther similar or lower to those of the H5 WT groups (Fig. 6A). The
H1 N503A group had an increased IC5, value against the homol-
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FIG 7 Mapping of stem-specific antibodies elicited by rH5HAs and rHIHAs HA2 stem mutants. (A and B) HSHA and HIHA mutant proteins containing an
additional N-glycan, H5 A stem protein (A) or H1 A stem protein (B), for mapping stem-specific antibodies were constructed and characterized by SDS-PAGE.
Serially diluted sera collected from the WT or HA2 stem mutant protein-immunized mice were separately absorbed with H5 A stem or H1 A stem proteins. (C
and D) ELISAs were used to determine the remaining IgG titers. (E to K) Stem-specific Abs elicited by the HA2 stem mutant H5 N484A or H1 N503A were
identified using competitive ELISAs. The serum samples nonpreabsorbed (E, G, I, and K) or preabsorbed with H5 A stem protein (F and H) or H1 A stem protein
(J and L) were mixed with 2-fold serially diluted bNAbs (CR6261 or FI6v3) and added to plates precoated with rH5HA or rHIHA proteins. HA-specific IgG titers
were measured using ELISAs. OD values at 450 nm induced by WT and HA2 stem mutant proteins were plotted. Integrated data are expressed as mean * SD.

Statistical analysis was performed using one-way ANOVA. %, P < 0.05; **, P < 0.01. ***, P < 0.001.

ogous pHIN1 virus and to a less degree against the heterosubtypic
H3N2 virus (Fig. 6B). Other globular head mutants (H1 N109A,
H1N298A, and HI N309A) had IC,, values similar to those of the
H1 WT group (Fig. 6B). Therefore, unmasking N-glycans in the
HA2 stem region (H5 N484A and H1 N503A) elicited more po-
tent neutralizing antibodies against homologous, heterologous,
and heterosubtypic influenza viruses.

Mapping stem-specific antibodies elicited by HA2 stem mu-
tant protein immunizations. Introduction of N-glycans into
midstem helix A in stem mutant proteins is a method previously
reported for mapping stem-specific antibodies (31). We adapted
this strategy and constructed HSHA and HIHA mutant proteins
containing an additional N-glycan at residue I375N and a G377T
change for the H5HA stem mutant (H5 A stem protein) and res-
idue I394N and E396T changes for the HIHA stem mutant (H1 A
stem protein) (Fig. 7A and B). Immune sera from either H5 WT
and H5 N484A or H1 WT and H1 N503A were untreated or
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treated with H5 A stem or H1 A stem proteins bound to Ni beads
for purposes of preabsorbing non-stem-specific antibodies. We
then used ELISAs to measure stem-specific antibodies bound to
rH5HA or rH1HA proteins. Our results indicate the dose-depen-
dent presence of stem-specific antibodies in all groups of antisera,
but no significant differences in stem-specific antibodies were
noted following immunizations with H5 WT and H5 N484A or
H1 WT and H1 N503A (Fig. 7C and D). To further characterize
the broadly neutralizing epitopes, competition assays were per-
formed using two stem-specific bNAbs, CR6261 and FI6v3. Anti-
sera either were not preabsorbed or were preabsorbed with H5 A
stem or H1 A stem proteins prior to competition with different
concentrations of MAb CR6261 or FI6v3. According to the ELISA
results, the nonpreabsorbed sera from the H5 WT, H5 N484A, and
PBS immunizations had no significant differences in the compe-
tition with either CR6261 (Fig. 7E) or FI6v3 (Fig. 7G). The preab-
sorbed antisera from H5 N484A immunizations resulted in a sig-
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FIG 8 Antifusion activity elicited by HA2 stem mutant protein immunization. A luciferase-based cell-cell fusion assay was used to determine antifusion activity.
(ato D) Serum samples obtained from mice immunized with H5 WT and H5 N484A or H1 WT and H1 N503A were treated without preabsorption (A and C)
or with H5 A stem protein (B) or H1 A stem protein (D) preabsorption and measured for antifusion activity. (E) Antifusion activity was also measured with two
stem-specific bLNAbs, CR6261 and FI6V3, at 10 pg/ml. Statistical analysis consisted of one-way ANOVA. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

nificant reduction due to the competition with either FI6v3 (Fig.
7F) or FI6v3 (Fig. 7H). No significant differences in the competi-
tion bindings were observed in H1 WT-, H1 N503A-, and PBS-
immunized antisera with either CR6261 or FI6v3 competition
(Fig. 71 to L). Only immunization with unmasking of the HA2
stem N-glycans of HSHA (H5 N484A) induced more CR6261-like
and FI6v3-like antibodies.

Fusion inhibition activity elicited by HA2 stem mutant pro-
tein immunization. To examine fusion inhibition activity in an-
tisera, we used luciferase reporter gene-based fusion assays to
quantitate HA-induced pH-dependent cell-cell fusion levels as
previously described (32, 33). H5 WT-, H5 N484A-, Hl WT-, and
H1 N503A-immunized sera were reacted with firefly and Renilla
luciferase reporter gene-transfected 293T cells for 48 h at 37°C
and examined for cell-cell fusion activity induced by H5SHA
[A/Thailand/1(KAN-1)/2004, KAN-1] or pH1HA (A/California/
07/2009, RG-121). Our data indicate that the H5 N484A-immu-
nized sera without or with H5 A stem protein preabsorption ex-
hibited significantly enhanced fusion inhibition activity
compared to that for the H5 WT- and PBS-immunized groups
(Fig. 8A and B). Only the sera from the HI N503A-immunized
group without preabsorption induced higher antifusion activity.
No increase of the fusion inhibition activity was found for the
antisera with H1 A stem protein preabsorption compared to the
H1 WT- and PBS-immunized groups (Fig. 8 C and D). The cell
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fusion activity was also completely blocked by two stem-specific
bNAbs, CR6261 and FI6v3 (Fig. 8E).

Stem helix A peptide-stimulated B cell subsets elicited by
HA2 stem mutant protein immunization. To measure stem helix
A epitope-specific B cells following rHA protein immunizations,
splenocytes were collected from mice in each immunization
group and reacted with H1 or H5 helix A peptides for 48 h. HA
stems,5_s,¢ peptides (with the same H1-H5 sequence) served as
controls. ELISPOT and flow cytometry assays were used to mea-
sure numbers of antibody (IgG)-secreting B cells (ASCs), [gG1™
CD38~ GCBcells,and IgG1" CD38"* memory B cells. The results
indicate that only the H5 N484A immunization group, and not
the H1 N503A immunization group, exhibited increased numbers
of ASCs, GC B cells, and memory B cells (Fig. 9). No differences
were observed among any numbers of B cells elicited by the H5
WT/H5 N484A or H1 WT/H1 N503A immunization groups
when control stems, 5 s, peptides were used for B cell stimula-
tion. Only the H5 N484A mutant protein immunization en-
hanced the helix A epitope-specific B cell subsets in splenocytes.

Protective immunity elicited by HA2 stem mutant protein
immunization. To investigate protection levels elicited by HA2
stem mutant proteins, immunized mice were challenged with 10-
fold 50% murine lethal doses (MLDs,) of H5N1 (RG-14) or
pHINT1 (CA/09) virus to assess protective immunity. Our results
indicate that the H5 N484A group had a significantly increased
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FIG 9 Detection of ASC, GC B cell, and memory B cell subsets in splenocytes induced by rH5HA and rHIHA HA2 stem mutants. Splenocytes collected from
mice immunized with H5 WT, H5 N484A, H1 WT, or HI N503A were stimulated with helix A peptides (H5 or H1) or nonrelated stems,5_s,, peptides (control)
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memory B cell subset (Ito L). Data are expressed as the mean = SD. Statistical analysis consisted of two-tailed Student ¢ tests for two-group comparisons between

WT and mutants. *, P < 0.05; **, P < 0.01.

survival rate to 80% following homologous H5N1 virus chal-
lenges, compared to 40% for the H5 WT group and 0% for the PBS
group (Fig. 10A). The corresponding body weight losses were re-
covered by the H5 WT- and H5 N484A-immunized groups but
not by the PBS-immunized group (Fig. 10B). The survival rate of
the H5 N484A group decreased to 20% survival (Fig. 10C) with
the recovery of body weight loss following the heterosubtypic
pHINT1 challenges (Fig. 10D). In contrast, the H1 N503A and WT
groups all had complete protection following the homologous
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pHINT1 virus challenges but no protection against the heterosub-
typic H5N1 virus challenges.

DISCUSSION

Many attempts to work on universal influenza vaccines are focus-
ing on highly conserved HA stem regions. In this study, data from
immunizations with a series of rHA mutant proteins with deleted
N-linked glycosylation sites in the globular head, HA1 stem, and
HAZ2 stem regions indicate that the elicitation of more potent neu-
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Groups of mice (5 per group) immunized with PBS, H5 WT, or H5 N484A were intranasally challenged with 10-fold the MLD, of H5N1 (NIBRG-14 [RG-14])
or pHIN1 (A/California/07/2009) virus at 3 weeks after their second inoculations. Shown are survival curves (A and C) and body weight loss (B and D) following
homologous pHIN1 or H5N1 challenges. Survival rates and body weights were recorded daily for 14 days. Body weight loss of greater than 25% was used as an
endpoint. The survival curves among the PBS-, H5 WT-, and H5N484A-immunized groups were analyzed using the Mantel-Cox log rank test followed by
pairwise comparison using the Gehan-Breslow-Wilcoxon test. *, P < 0.05; ****, <0.0001. These experiments were repeated more than once, and the results were

reproducible.

tralizing antibodies against different influenza A virus strains oc-
curred only following the unmasking of HA2 stem N-glycans. Im-
munization using HA2 stem mutant proteins of the H5N1 KAN-1
strain induced significantly higher titers against the homologous
H5N1 KAN-1 strain, the heterologous H5N1 Indonesia strain,
and the heterosubtypic H3N2 Udorn strain. Immunization using
HA2 stem mutant proteins of the pHI1N1 Texas strain resulted in
higher neutralizing antibody titers against the homologous
pHINI California strain and the heterosubtypic H3N2 Udorn
strain (Fig. 6). However, immunizations using the globular head
mutant proteins H5 N154A, H5 N165A, H5 N286A, H1 N109A,
HI1 N298A, and H1 N309A elicited neutralization titers with only
the same or lower I1Cs, values as with the control H5 WT and H1
WT proteins (Fig. 6). These results are in agreement with a recent
study using mutant viruses with the loss of N-glycans in the glob-
ular head region with lowered immunogenicity in mice (12). In
contrast, others have reported that removal of N-glycans in the
globular head region resulted in increased virulence in mice (35,
36) and improved live-attenuated vaccine immunity in ferrets
(37). According to our alignment results for HIHA and H5HA
sequences from position 1918 to 2016 (http://www.ncbi.nlm.nih
.gov/genomes/FLU/Database/nph-select.cgi), most of the isolates
of HIHA and H5HA share the same N-glycan (NGTY) modifica-
tions on the HA2 stem region (N503 for HIHA and N484 for
H5HA).
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Mapping the immune sera for stem-binding antibodies was
conducted by preabsorbing non-stem-specific antibodies with H5
A stem or H1 A stem proteins before measuring stem-specific
antibodies bound to rH5HA or rHIHA proteins in ELISAs. Our
results indicate that unmasking the HA stem N-glycans did not
increase the amounts of total stem-binding antibodies (Fig. 7C
and D). However, the results from the competition assay using
two stem-specific bNAbs showed that unmasking the HA2 stem
N-glycans for the H5 N484A mutant led to more CR6261-like and
FI6v3-like antibodies in antisera (Fig. 7 F, H). The binding sites in
the HA2 stem for CR6261 and Fl6v3 are not completely over-
lapped (25), for the interaction of FI6v3 with the hydrophobic
groove on HA is mediated by long HCDR3 (heavy-chain constant
domain region 3) and LCDRI1 (light-chain constant domain re-
gion 1), whereas CR6261 interacted with all of three HCDRs
(CDRI1 to CDR3). Both antibodies (FI6v3 and CR6261) make
contacts with Trp*', mainly through a phenylalanine side chain:
Phe'”" on FI6v3 and Phe™* on CR6261 (25). Both CR6261 and
FI6v3 bNAbs demonstrated complete inhibition in the cell fusion
assay (Fig. 8E). The increased CR6261-like and FI6v3-like anti-
bodies in antisera raised from the H5 N484A mutant (Fig. 7E and
H) also correlated with the increase of fusion inhibition activity in
both nonabsorbed and H5 A stem-preabsorbed sera (Fig. 8A and
B). However, the H1 N503A mutant did not show increased
CR6261-like and FI6v3-like antibodies (Fig. 7 1 to L) and increased

October 2016 Volume 90 Number 19


http://www.ncbi.nlm.nih.gov/genomes/FLU/Database/nph-select.cgi
http://www.ncbi.nlm.nih.gov/genomes/FLU/Database/nph-select.cgi
http://jvi.asm.org

the fusion inhibition activity only in nonabsorbed (Fig. 8C) and
not in H1 A stem-preabsorbed (Fig. 8D) sera. The inconsistency
for the H1 N503A mutant sera may reflect a significant fraction of
serum antibodies that do not overlap where the N-glycan has been
introduced in the midstem region of the H1 A stem construct,
since the nonabsorbed H1 N503A sera had a significant higher
antifusion activity.

Since the helix A epitope in the F subdomain of the HA2 stem
region appears to be the target for several stem-specific bNAbs
(25), we measured numbers of ASCs, GC B cells, and memory B
cells that are specific to HA2 stem helix A epitopes in immunized
mice. The numbers of helix A-stimulated ASCs, GC B cells, and
memory B cell subsets in splenocytes were significantly higher
following H5 N484A immunization with H5 helix A stimulation
(Fig. 9E and I). All of these results suggest that unmasking the HA2
stem N-glycans particularly for H5 N484A mutant immunization
can refocus B antibody responses to the helix A epitope for
inducing more CR6261-like/FI6v3-like and fusion inhibition
antibodies.

Unmasking the HA2 stem N-glycans of HSHA mutant pro-
teins shows a significant improvement in the protection against
homologous virus challenges (i.e., a 40% increased survival rate)
but to a less degree for the protection against heterosubtypic
pHINT virus challenges (i.e., a 20% increased survival rate) (Fig.
10). The improved protective levels were not found for H1 N503A
mutant immunization against the heterologous H5N1 challenges
even though complete protection was observed following the ho-
mologous pHIN1 virus challenges. It is likely that only unmasking
of the membrane-proximal glycan works in eliciting a protective
response in context of HSHA but not HIHA, since the viral mem-
brane-distal ends to the C-terminal anchor region are different in
the HS5HA and HI1HA 3D structures (Fig. 1). Furthermore, the
improved protection by H5 N484A mutant immunization but not
by H1 N503A mutant immunization was correlated with in-
creased titers of virus-neutralizing antibodies, more of the stem-
specific CR6261-like and FI6v3-like antibodies (Fig. 7F and H),
and enhanced levels of fusion inhibition antibodies (Fig. 8A and
B). However, the quantities of total stem-binding antibodies ob-
tained by H5 WT and H5 N484A mutant immunizations were
around the same (Fig. 7C). It is possible that the heterosubtypic
cross protection is more associated with the total stem-binding
antibodies, and not only restricted to the stem-specific CR6261-
like and FI6v3-like antibodies, as recently reported for Fc-FcyR
engagements but not through their binding epitope(s) (38, 39).
Also, the presence of the immune-dominant globular head region
may dilute the outcomes of the stem glycan removal strategy in
terms of heterosubtypic protection. Therefore, this vaccine design
still needs further optimization to include other strategies such as
the combination with globular head glycan masking, as we and
others previously reported (19-21). All of these results can pro-
vide useful information for developing more effective influenza
vaccines.
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